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Abstract: 
Organic molecular hole-transport materials (HTMs) are appealing for the scalable manufacture of 
perovskite solar cells (PSCs) because they are easier to reproducibly prepare in high purity than polymeric 
and inorganic HTMs. There is also a need to construct PSCs without dopants and additives to avoid 
formidable engineering and stability issues. We report here a power conversion efficiency (PCE) of 20.6% 
with a molecular HTM in an inverted (p-i-n) PSC without any dopants or interlayers. This new benchmark 
was made possible by the discovery that annealing a spiro-based dopant-free HTM (denoted DFH) 
containing redox-active triphenyl amine (TPA) units undergoes preferential molecular organization 
normal to the substrate. This structural order, governed by the strong intermolecular interactions of the 
DFH dioxane groups, affords high intrinsic hole mobility (1×10-3 cm2·V-1·s-1). Annealing films of DFH 
also enables the growth of large perovskite grains (up to 2 µm) that minimize charge recombination in the 
PSC. DFH can also be isolated at a fraction of the cost of any other organic HTM. 
Metal halide perovskite solar cells (PSCs) rely on hole-transport materials (HTMs) to efficiently 
extract holes from the perovskite layer and minimize charge recombination at the anode.1–4 A wide range 
of inorganic metal oxides,5 organic π-conjugated polymers6 and organic small molecules7 have proven to 
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be effective HTMs in the PSC (Fig. 1). Organic small molecules are particularly appealing because they 
offer acute control of physicochemical properties, and are relatively easy to synthesize, purify, and 
process.7–9 Moreover, the hole transport layer of the state-of-the-art PSC is based on organic small 
molecules.10 
 
Fig. 1. Benchmark PCEs for devices containing organic HTMs with and without dopants. DFH can be 
synthesized at a fraction of the cost of the other HTMs and does not require interlayers (P3HT requires 
interlayers to reach 20%). The champion PSC device with an inorganic HTM is 20.6% (not listed). 
 
A key challenge of molecular HTMs is that they usually require dopants to reach the high 
conductivities necessary for high device power conversion efficiencies (PCEs).10–12 Dopants can 
compromise device performance by accelerating deleterious moisture permeation, ion migration, and 
interfacial charge recombination during device operation.12–16 This situation can be addressed in part with 
barrier layers,17,18 but a simpler solution is to design HTMs that do not require dopants. This has prompted 
the design of dopant-free molecular HTMs consisting of large planar π-stacked 19–22 or π-conjugated 
donor-acceptor molecules.23–26 While dopant-free polymeric HTMs have yielded PCEs as high as 22.7% 
in devices containing additional interlayers,27 these interlayers complicate the device fabrication process 
and can reduce the thermal stability of the cell.10 Molecular HTMs have not previously reached the 20% 
PCE threshold without the use of dopants.19,28,29  
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We report herein a new benchmark for dopant-free molecular HTMs by showing that devices 
containing N2,N2,N7,N7-tetra-p-tolylspiro[fluorene-9,2'-[1,3]dioxolane]-2,7-diamine (DFH) as the HTM 
can yield a PCE of 20.6% (Figs. 1 and 2a). This breakthrough was realized in an inverted PSC architecture 
without the assistance of p-dopants or interlayers, and made possible by designing DFH: (i) with an 
appropriately positioned HOMO energy for efficient charge extraction from the perovskite layer; and (ii) 
with functional groups that encourage anisotropic molecular ordering of the film to mediate high electronic 
conductivity and hole mobility normal to the perovskite layer. This layer also accommodates the growth 
of large crystalline domains for the perovskite layer (Fig. 2B). Moreover, this rationally designed DFH 
can be isolated by the reaction of inexpensive reagents followed by a facile purification process that could 
enable it to be scaled at a cost of <$10/g (Tables S1 and S2). These economics, which cannot be matched 
by any champion organic HTM (Fig. 1), compare favorably to the inexpensive sol-gel chemistry used to 
make inorganic HTMs.30,31 This feature is important because molecular organic HTMs are viewed to be 
generally easier to scale since they do not suffer from the same batch-to-batch variability as inorganic and 
polymeric HTMs.32,33 
 
 
Fig. 2. (a) Current-voltage traces of the champion device in the forward and reverse directions (scan rate 
= 160 mV/s). (b) Cross-sectional scanning electron microscope images of an inverted (p-i-n) PSC 
containing DFH as the HTM (ITO = indium tin oxide; BCP = bathocuproine).  
 
 The structure of DFH features two fluorene-bridged triphenylamine (TPA) moieties linked to a 
1,3-dioxolane group through a spiro carbon center (Fig. 1). The HTM is formed through a successive 
Buchwald–Hartwig amination of 2,7-dibromo-9-fluorenone and acid-catalyzed condensation with 
ethylene glycol. Products from each reaction can be purified by recrystallization rather than column 
chromatography to yield DFH in 73% overall reaction yield.8 The design of DFH was inspired by the 
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knowledge that spiro-type HTMs exhibit low redox reorganization energies, high glass transition 
temperatures (Tg) and good morphological stabilities.34–39 The two TPA groups were positioned across the 
fluorene bridge to mediate strong electronic coupling between the two redox-active units (Fig. S4). This 
strong electronic coupling leads to a 0.32-V difference between the first and second TPA+./TPA reduction 
potentials that raises the HOMO energy to -5.27 eV. This value that maintains a high cell voltage while 
still accommodating hole extraction from the perovskite with a valence band maximum of -5.4 eV.40 The 
high LUMO energy of -2.29 eV maintains a large optical band gap of 2.98 eV to avoid the undesirable 
absorption of visible light (Fig. S4).  
A powerful feature of DFH is the propensity for the molecules, upon annealing, to dimerize and 
preferentially order orthogonal to the substrate, but without additional long-range order in the film. This 
molecular ordering therefore presents the opportunity to balance the competing need to provide sufficient 
structural order for charge transport,41–43 while avoiding the formation of large crystalline domains that 
introduce cracks or pinholes and impair interfacial electronic contacts.44,45 This axial growth of DFH is 
largely a consequence of the cyclic, polar 1,3-dioxolane group (Fig. 3a) facilitating strong intermolecular 
interactions to form tightly bound dimers of DFH. A single-crystal structure determination of DFH 
confirms these intermolecular C-H⋯O and C-H⋯π interactions between the dioxane groups on 
neighboring DFH molecules parallel to the b-axis (Fig. 3b and Fig. S5-6). The strengths of these 
intermolecular interactions are calculated to be as strong as 110 kJ/mol per pair of DFH (ESI). Amorphous 
DFH transforms into paracrystalline dimers when DFH is heated above the glass transition temperature 
(Tg) of ~120 °C (Fig. 3c).  Slow crystallization occurs at higher annealing temperatures below the onset 
temperature of cold-crystallization ~temperature (Tcc) of 160 °C where heterogeneous nucleation becomes 
operative. Solid-state NMR spectroscopic experiments were employed to track the chemical environment 
about the carbon atoms of DFH upon heating. It is evident that heating amorphous DFH to 120 °C causes 
the ethylene 13C resonance of the 1,3-dioxane group to sharpen towards a full-width-half-maximum 
(FWHM) approaching that of the crystalline material (Figs. 3d, S9 and S10), and the sharpening of the 
peaks corresponding to crystallization occurs at much higher temperatures 
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Fig. 3. (a) Molecular structure of DFH with the ethylene and spiro carbon atoms of the cyclic 1,3-
dioxolane group highlighted in red and blue, respectively. (b) The propensity of CH⋯O interactions 
between DFH molecules illustrated by a ball-and-stick model derived from the X-ray crystallographic 
data. The spiro carbon and carbon atoms on the ethylene group are highlighted in blue and red, respectively. 
(c) Differential scanning calorimetry data of amorphous DFH powder obtained at a scan rate of 10 K/min. 
(d) Measured solid-state NMR peak width of selected carbon atoms in terms of FWHM of amorphous and 
annealed DFH solids. (e) Powder XRD diffractograms of DFH before and after thermal crystallization 
(black) and GIXD traces of 150 nm spin-coated DFH thin films before and after annealing at 150 °C 
(blue). 
  
Powder XRD data recorded upon heating amorphous DFH confirms that crystallization begins to 
occur at 120 °C, and that higher temperatures yield progressively sharper reflections (Fig. 3e). We then 
performed 2θ scans on a 150-nm thin film of DFH using parallel-beam grazing-incidence X-ray 
diffraction (GIXD) and observed the onset of only a single peak upon annealing to 150 °C, which is 
assigned to diffraction signal of the (010) crystallographic planes (Fig. S7). This peak at low 2θ points to 
the preferential ordering of DFH normal to the plane of the substrate and along the direction of 
dimerization, with the broad baseline indicating a lack of long-range order for the balance of the film.  
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An important outcome of the paracrystalline ordering of DFH molecules is that the redox-active 
TPA groups are drawn close to each other without the growth of large crystals. We infer that this feature 
is responsible for the high hole mobilities (µh) of ~1×10-3 cm2·V-1·s-1 for the amorphous and annealed 
films of DFH measured normal to the plane of the substrate. These values are comparable to single-crystal 
Spiro-OMeTAD,41 and are greater than those of the previous state-of-the-art dopant-free molecular HTM20 
and heavily p-doped thin films of spiro-OMeTAD.38,46 The electric conductivity of DFH thin films also 
doubled upon annealing (Table S5). Another notable observation is that we were able to grow pinhole-
free perovskite thin-films with large grain sizes (Fig. S14, average 0.6 µm2) on layers of DFH annealed 
at 135 °C, while smaller grains were observed with other DFH layers (Fig. S15). Grazing incidence X-
ray diffraction (GIXD) of the perovskite layer showed slightly higher tendency of out-plane growth on 
DFH annealed at 135 °C, compared to as-prepared and 120 °C annealed DFH (Fig. 16). It is possible that 
a low degree of DFH crystallization at 135 °C is crucial for the growth of large perovskite grains whereas 
its impact on perovskite crystal orientation is relatively small. 
This combination of high axial µh for DFH and large grain sizes of the light-absorbing layer 
provides the ideal conditions for high PSC performance. We therefore tested DFH in a planar inverted (p-
i-n) PSC with an ITO|DFH|perovskite|C60|BCP|Ag configuration (where ITO = indium-doped tin oxide; 
perovskite = MA0.9FA0.1PbI3-xClx; BCP = bathocuproine). A mixed methylammonium (MA) / 
formamidinium perovskite was deposited onto spin-coated DFH layers using established methods.47 
Devices containing as-prepared DFH generated PCE values of merely 10%. This output was increased up 
to 20.6% when the DFH films were annealed at 135°C (Fig. 4a). This PCE represents the highest value 
ever reported for a dopant-free molecular HTM, and the highest value for a device with any dopant-free 
HTM without interlayers. This PCE also compared favorably to the PCEs that we were able to produce 
in optimized devices containing the champion dopant-free polymeric HTM, poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA; Table 1, Figure S11).9  
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Table 1. Tabulated parameters of PSC based on DFH treated under different conditions. 
HTM and treatment Jsc (mAᐧcm-2) Voc (V) FF PCE (%) best PCE (%) 
DFH (as prepared) 18.9 ± 0.8 0.86 ± 0.06 0.52 ± 0.03 8.4 ± 1.1 10.2 
DFH (annealed @ 120 °C) 22.6 ± 0.1 1.09 ± 0.01 0.70 ± 0.01 17.2 ± 0.3 17.6 
DFH (annealed @ 135 °C) 22.0 ± 0.7 1.08 ± 0.01 0.81 ± 0.02 19.3 ± 0.7 20.6 
DFH (annealed @ 150 °C) 22.4 ± 0.3 1.04 ± 0.01 0.82 ± 0.01 19.2 ± 0.5 19.7 
PTAA (annealed @ 100 °C)a 22.4 ± 0.1 1.09 ± 0.01 0.78 ± 0.02 19.0 ± 0.3 19.2 
KR321b 20.9 ± 0.5 1.11 ± 0.05 0.76 ± 0.03 17.7 ± 0.4 19.0 
a Our measurements recorded on previously reported HTM at optimized condition.9 
b Data from the previously reported champion device incorporating dopant-free molecular HTM.20 
 
The PSC efficiency was doubled by annealing amorphous DFH films to temperatures between Tg 
and Tcc to encourage dimerization and a small degree of crystallization. The best devices we tested were 
those where DFH was annealed at 135 °C (Fig. 4a). An annealed DFH film quenched >95% of the baseline 
photoluminescence of the perovskite, indicating a band alignment that enables effective extraction of holes 
from the perovskite layer (Fig. 4b). The temporal resolution of the perovskite photoluminescence shows 
that 99% of holes are extracted within 20 ns by annealed DFH (Fig. 4c). The same set of steady-state and 
kinetic experiments recorded with amorphous DFH films showed relatively inferior hole extraction 
properties: ~60% quenching of steady state photoluminescence and >40 ns to extract 99% of holes. We 
assume that the large defect-free grain sizes play a critical role in mitigating ohmic losses and producing 
the high measured fill factor (FF) and open-circuit voltage (Voc) values.19,40,48–50  
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Fig. 4. (a) J-V curves of PSCs based on DFH hole transport layer annealed at different temperatures. (b) 
steady-state fluorescence quenching of perovskite thin films by the underlying DFH layers; (c) 
fluorescence decay kinetics of PMMA encapsulated perovskite thin films on different DFH thin films 
illuminated by a 553-nm laser. 
 
Conclusions 
We have demonstrated that a molecular organic HTM with redox-active TPA groups yields 
electronic properties conducive to high performance in an inverted PSC without the need for dopants. The 
ability to produce a PCE >20% with a synthetically accessible HTM and a simple device structure (i.e., 
no interlayers or barrier layers) offers the opportunity for scalable manufacturing. This record device 
performance for a dopant-free molecular HTM is a result of the molecular organization of HTM molecules 
with carefully tailored energy levels, as well as the large grain sizes of the perovskite layer grown on the 
HTM. This work also shows how thermal annealing of HTMs capable of supramolecular interactions can 
also affect the quality of the perovskite layers to further drive up device performance.   The success with 
DFH also challenges the accepted dogma that dopant-free HTMs need to exhibit large, planar π-stacking 
structures or complex donor-acceptor moieties.  
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Synthetic Methods 
 
Fig. S1. Synthesis of compounds P1 and DFH. 
 
9-Fluorenone (98.0%, TCI America), 2,7-dibromo-9-fluorenone (98.0%, TCI America), p,p′-ditolylamine 
(98.0%, TCI America), ethylene glycol (anhydrous, 99.8%, Sigma-Aldrich), 1,2-propanediol (99.5%, Sigma-
Aldrich), p-toluenesulfonic acid monohydrate (99%, Sigma-Aldrich), sodium tert-butoxide (97%, Sigma-Aldrich) 
and PEPPSI-IPr catalyst (98%, Sigma-Aldrich) were purchased and directly used without purification. All synthesis 
steps were performed using anhydrous toluene from a solvent purification system. 1H and 13C{1H} NMR spectra 
were collected on a Bruker AV400DIR instrument at 25.0 ℃ with resonance frequencies of 400 MHz and 101 MHz 
for 1H and 13C nuclei, respectively. Chemical shifts (δ) are reported in parts per million (ppm) using the protio-
solvent signals δ 7.26 and 77.0 for chloroform-d, δ 5.32 and 53.84 for methylene chloride-d2 for 1H and 13C NMR 
spectra, respectively. Standard abbreviations indicating multiplicity are used as follows: s = singlet; d = doublet; dd 
= doublet of doublets; m = multiplet.  
Synthesis of P1: The synthesis of P1 was carried out under N2 using standard Schlenk techniques. An oven-
dried 100 mL two-neck round-bottom flask was connected to the Schlenk line on one neck by via a condenser. A 
rubber septum was attached to the other neck and the flask was cycled three times between vacuum and nitrogen. 
2,7-Dibromo-9-fluorenone (3.38 g, 10.0 mmol), p,p′-ditolylamine (4.14 g, 21.0 mmol), sodium tert-butoxide (2.02 
g, 21.0 mmol), PEPPSI™-IPr catalyst (68 mg, 0.10 mmol) and a stir bar were added to the flask and quickly cycled 
three times. Anhydrous toluene (40 mL) was added via a syringe through the rubber septum which was replaced 
with a glass stopper under high nitrogen flow. The mixture was stirred for 5 min at room temperature before it was 
warmed up to 100 ℃ using an oil bath. After 18 hours, the mixture was poured into 250 mL of methanol and 
sonicated for 20 min. The dark precipitate was collected via vacuum filtration and washed with 20 mL 0.1M HCl 
solution, 20 mL deionized water and twice with 20 mL methanol. The purple powder was recrystallized from 
ethanol/toluene and 5.10 g of pure product was obtained (89 % yield). 1H NMR (400 MHz, chloroform-d) δ 7.29 
(d, J = 2.2 Hz, 2H), 7.19 (d, J = 8.2 Hz, 2H), 7.14 – 7.04 (m, 10H), 7.00 (d, J = 8.4 Hz, 8H), 2.34 (s, 12H). 13C{1H} 
NMR (101 MHz, chloroform-d) δ 193.90, 148.63, 144.86, 137.53, 135.81, 133.20, 130.20, 127.48, 124.91, 120.23, 
118.50, 20.96. HRMS (ESI): m/z = 570.2675 [M+] (calcd for [C41H34ON2]+: m/z = 570.2671). 
Synthesis of  DFH: P1 (2.00 g, 3.50 mmol), p-toluenesulfonic acid monohydrate (50 mg, 0.26 mmol), 
ethylene glycol (2.00 mL, 32.2 mmol) and a stir bar were added to a round bottom flask which was connected with 
a condenser via a Dean-Stark trap. The flask was cycled three times between vacuum and N2 before 40 mL 
anhydrous toluene was added via syringe. The reaction mixture was heated at 100 °C under N2 for 2 days before it 
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was concentrated to around 20 mL under vacuum and poured into 200 mL of methanol. The light yellow precipitate 
(1.85 g, 84% yield) was collected after vacuum filtration, washing with methanol and drying under high vacuum. 
After filtration, rinsing and drying under high vacuum 1.77 g (82 % yield) of DFH was obtained as a pale white 
powder.1H NMR (400 MHz, methylene chloride-d2) δ 7.29 (d, J = 8.2 Hz, 2H), 7.12 – 7.04 (m, 10H), 6.98 (d, J = 
8.4 Hz, 8H), 6.94 (dd, J = 8.2, 2.1 Hz, 2H), 4.12 (s, 4H), 2.31 (s, 12H). 13C{1H} NMR (101 MHz, methylene 
chloride-d2) δ 148.36, 146.08, 145.87, 133.81, 133.13, 130.41, 125.35, 124.90, 120.37, 119.11, 112.39, 66.16, 21.07. 
HRMS (ESI): m/z = 614.2937 [M+] (calcd for [C43H38O2N2]+: m/z = 614.2933).  
Synthesis of  P2: P2 without triphenyl amine groups were made to help with peak assignments in ssNMR. 
9-Fluorenone (1.26 g, 7.00mmol), p-toluenesulfonic acid monohydrate (100 mg, 0.52 mmol), ethylene glycol (4.00 
mL, 64.4 mmol) and a stir bar were added to a round bottom flask which was connected with a condenser via a 
Dean-Stark trap. The reaction mixture was heated at 100 °C under N2 for 2 days before it was concentrated to around 
10 mL under vacuum and poured into 100 mL of methanol. The off-white precipitate (1.22 g, 78% yield) was 
collected after vacuum filtration, washed with methanol and dried under high vacuum. 1H NMR (400 MHz, 
chloroform-d) δ 7.58 (dt, J = 7.5, 0.9 Hz, 2H), 7.47 (dt, J = 7.4, 1.0 Hz, 2H), 7.39 (td, J = 7.5, 1.2 Hz, 2H), 7.29 (td, 
J = 7.5, 1.1 Hz, 2H), 4.43 (s, 4H). 13C{1H} NMR (101 MHz, chloroform-d) δ 144.24, 139.75, 130.30, 128.36, 
123.84, 120.04, 112.51, 65.94. HRMS (ESI): m/z = 225.0919 [M+H+] (calcd for [C43H38O2N2]+: m/z = 225.0916).  
 
  
3 
Cost Analysis 
The material cost was calculated using the lowest available price from the same chemical vendor used in 
the laboratory gram-scale synthesis (Table S1 and S2). 
 
Table S1. Material Cost to Synthesize P1 
Chemical Unit price/cost Amount used Cost 
2,7-Dibromo-9-fluorenone 73 USD per 25 g (TCI) 3.38 g 9.87 USD 
Sodium tert-butoxide 491 USD per 1.5 kg (Sigma) 2.02 g 0.66 USD 
p,p′-Ditolylamine 70 USD per 25 g (TCI) 4.14 g 11.59 USD 
PEPPSI™-IPr catalyst 10,548.83 USD per 250 g (Sigma) 68 mg 2.87 USD 
Toluene 517.67 USD per 20 L (Sigma) 40 mL 1.04 USD 
P1 5.10 USD per 1 g 5.10 g 26.03 USD 
 
Table S2. Material cost to synthesize DFH 
Chemical Unit price/cost Amount used Cost 
P1 5.10 USD per 1 g 2.00 g 10.20 USD 
Ethylene glycol 341.74 USD per 6 L (Sigma) 2.00 mL 0.11 USD 
Toluene 517.67 USD per 20 L (Sigma) 40 mL 1.04 USD 
p-Toluenesulfonic acid 
monohydrate 
101.16 per 2.5 kg 50 mg 0.002 USD 
DFH 6.41 USD per 1g 1.77 g 11.35 USD 
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Characterization of Compounds 
Solution UV-Vis absorption spectra were collected on a Cary 5000 spectrophotometer (Fig. S2A). Solution 
photoluminescence spectra were recorded with a Cary Eclipse fluorimeter (Fig. S2B). All solution samples were 
measured in a 1 cm quartz cell at room temperature in HPLC grade DCM. The concentrations of the DCM solutions 
of analytes for UV-Vis and photoluminescence measurements were 2×10-5 mol·L-1 and 1×10-5 mol·L-1, respectively. 
Solid-state absorptance (%A) was measured on a Cary 7000 spectrophotometer by subtracting reflection (%R) and 
transmission (%T) from incident light (Fig. S3). 
Differential pulse voltammetry (DPV) data was recorded with a CHI660D potentiostat at room temperature 
using a platinum wire counter electrode and a platinum working electrode (Fig. S4). Ag/AgCl in saturated KCl was 
used as the reference electrode and was calibrated versus the normal hydrogen electrode (NHE) by the addition of 
ferrocene. A 0.1 M n-NBu4PF6 electrolyte solution in DCM was used for all HTMs. DPV data were acquired for 
0.5 mM solutions of compounds at a scan rate of 50 mV·s-1. Differential scanning calorimetry (DSC) data was 
recorded using a Netzsch DSC Polyma 214 calorimeter under a N2 purge flow at a scan rate of 10 K·min-1.  
 
 
Fig. S2. (a) Molar absorptivity of P1 and DFH in dichloromethane. (b) Normalized absorption and emission 
spectra of DFH. 
 
 
 
5 
 
Fig. S3. (A) UV-Vis spectra of spin-coated (60 mg/mL in chlorobenzene, 3000 rpm for 30s) solid state thin films 
of DFH, unheated and annealed at 135 °C for 20 mins. (B) UV-Vis spectra of the ITO glass substrate, DFH on 
ITO glass substrate (spin-coated at 6000 rpm for 30s from a 15 mg/mL solution in chlorobenzene, and annealed at 
135 °C for 20 mins), and perovskite thin film (coated with the same method used for the fabrication of full 
devices) on aforementioned DFH on ITO glass substrate. 
 
 
Fig. S4. Differential pulse voltammetry (DPV) of (A) DFH and (B) P1 in dichloromethane showing the voltage 
of two strongly coupled oxidation events relative to the Fc+/FcH redox couple. 
 
 
Table S3. Summary of the Optical, Electrochemical and Electrical Properties of  DFH. 
λabs (nm) λem (nm) E1/2 (V) Egap (eV) EHOMO (eV) 
370 450 0.14 2.98 -5.27 
Half-wave redox potentials (E1/2) in DCM are relative to that of ferrocene (EFcH/Fc+ = 630 mV vs NHE). Egap was 
estimated from the intersection of normalized absorption and emission spectra. EHOMO (eV) = - 4.5 - E1/2 (V vs 
NHE). 
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X-ray Crystallography 
Single crystal X-ray crystallography was performed using a Bruker APEX II area detector diffractometer. 
Single colourless tablet-shaped crystals of DFH were recrystallized from a mixture of toluene and ethanol by slow 
diffusion. Suitable crystals were selected and mounted on a mylar loop. Data were measured using MoKα radiation 
(microfocus sealed X-ray tube, 50 kV, 0.99 mA). The structure was solved with the SHELXT 1 structure solution 
program using the Intrinsic Phasing solution method and by using Olex2 2 as the graphical interface. The diffraction 
pattern indexing, unit cell refinement, data reduction, scaling and absorption corrections were performed using 
SAINT (Bruker, V8.38A, after 2013). Multi-Scan absorption correction was performed using SADABS-2016/2 
(Bruker, 2016/2). All non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were calculated 
geometrically and refined using the riding model. DFH: The maximum resolution that was achieved was Q = 30.629° 
(0.70 Å). The structure was solved and the space group P-1 (# 2) determined by the XT structure solution program 
using Intrinsic Phasing and refined by Least Squares using version 2017/1 of XL. There is a small amount of 
disorder in the 1,3-dioxolane moiety that was modelled in two orientations.  
 
Table S4. Summary of the Structure Parameters of  DFH Single Crystal. 
Chemical Formula C43H38N2O2 
Density of Crystal, Dcalc. (gᐧcm-3) 1.220 
Formula Weight (g/mol) 614.75 
Colour, Shape and Size of Crystal  (mm3) colourless, tablet, 0.41×0.24×0.12 
Crystal System, Space Group triclinic, P-1 
a, b, c (Å) 10.5358(10), 12.5714(12), 15.0206(14) 
α, β, γ (°) 101.715(2), 107.958(2), 109.766(2) 
V (Å3) 1672.8(3) 
Numbers of molecules in unit cell, Z 2 
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Fig. S5. ORTEP thermal ellipsoid presentation of the CH⋯O hydrogen bonding and C-H⋯π interactions between 
dimeric DFH molecules. Non-interacting hydrogens have been omitted for clarity. 
 
 
Fig. S6. ORTEP thermal ellipsoid presentation of the C-H⋯π interactions between adjacent (010) face of the 
DFH crystal lattice. Non-interacting hydrogens have been omitted for clarity. 
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Density Functional Theory Calculations 
 DFT calculations were carried out using the Gaussian 09 Rev-D.01 software 3. Molecular properties such 
as molecular energies, HOMO levels and electrostatic surface potential mapping were modeled using long-range 
corrected ω-B97XD functional 4 with 6-311G** basis set. The reorganization energy λ (0.021 Hartree or 0.57 eV) 
of DFH was calculated the following equation: 
λ = E+*- E - E＋ + E*, 
where E is the energy of the neutral state with optimized neutral geometry (-1921.2364792 Hartree),  E+* is 
the energy of the cationic state with the optimized neutral-state geometry (-1921.0093504 Hartree), E+ is the energy 
of the cationic state with optimized cationic geometry (-1921.0194704 Hartree) and E* is the energy of the neutral 
state with the optimized cationic geometry (-1921.225525 Hartree). All four energies are calculated in vacuum. 
According to literature 5, the reorganization energy of Spiro-OMeTAD was calculated to be 0.31 eV using the same 
long-range corrected functional. 
The electronic interaction energy (EHTM-HTM) between DFH dimers with crystallographic atomic 
coordinates was calculated using counterpoises and corrected for basis set superposition error (BSSE)6. The 
following two different basis sets were used. 
EHTM-HTM  = -25.16 kcal/mol or -105 kJ/mol (6-31+G** for interacting H, 6-31G** for everything else) 
EHTM-HTM = -26.19 kcal/mol or -110 kJ/mol (6-311+G** for interacting H, 6-311G** for everything else)  
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X-ray Diffraction 
Powder and thin film X-ray diffraction experiments were performed on a Rigaku SmartLab X-ray 
diffractometer using CuKα radiation. A Bragg-Brentano 𝜃-𝜃 geometry was used to probe powder samples annealed 
at different temperatures. The scanning range was from 5° to 25°, with 0.02° per step. The thin film was 
characterized using 2θ scans using parallel-beam grazing-incidence X-ray diffraction (GIXD). The HTM film was 
spin-coated on a glass substrate, and annealed at 150 oC on a hotplate until formation of visible spherulites on the 
thin film. The scanning range was from 5° to 60°, with 0.04° per step, the incidence angle was 0.7°.  
 
 
Fig. S7. The powder XRD spectra of DFH derived from its crystal structure (A) and measured XRD spectra of 
DFH annealed at 120 °C (B), 135 °C (C) and 150 °C (D). 
  
10 
Solid-State NMR 
 13C CP-MAS NMR spectra with high power proton decoupling were collected on a 400MHz Bruker solid 
state DRX spectrometer. Sample was spinning at 6 kHz at magical angle. Ramped pulse on 13C frequency was used 
for cross polarization with a contact time of 4ms for all experiments. Relaxation delay was set to be 5 seconds, and 
acquisition time 50ms. Data were processed with a 20 Hz line broadening exponential decay function. Chemical 
shifts (δ, in ppm) were referenced with adamantane 13CH2 signal at 29.5ppm. All experiments are performed at 
room temperature. Peak assignments were carried out using an analogue without the ditolyamine groups (fig. S7).  
 
 
Fig. S8. The assignment of peaks and spin-sidebands of crystalline solid-state DFH and control P2. 
 
 
 
 
11 
 
Fig. S9. Fitted high power CP-MAS NMR spectra of DFH between 220 ppm and 30 ppm, the methylene peak 
was highlighted in black. 
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Mobility and Conductivity Measurements 
The hole mobility of DFH was measured on hole-only devices (ITO/MoO3/HTM/Au) using the space-
charge-limited current  (SCLC) method. The hole mobility was determined by fitting the quadratic region of the I/V 
curve to the Mott-Gurney law. 
𝐽% = '(()*+,-./0 , 
where L is the thickness of the DFH layer (here L ≈ 40 nm), the relative dielectric constant of DFH (ε) was 
assumed to be 3, ε0 is the vacuum permittivity, and Vb is the applied voltage. 
Conductivity values were obtained using measurements on four different thin film devices on the same 
conductive ITO substrate with a spin-coated HTM layer and four sputtered Au contacts (ITO/HTM/Au). The HTM 
bulk resistance R was calculated by subtracting the non-HTM resistance from the total device resistance, assuming 
that the resistance of HTM thin films obtained with different spin speeds (1200 rpm and 3000 rpm) is directly 
proportional to their thickness (around 210 nm for 1200 rpm and 150 nm for 3000 rpm, respectively), and that the 
non-HTM resistance including Au-HTM contact resistance remains the same. The HTM conductivity was  obtained 
using σ = d·R-1·A-1, where d is the thickness of the film, and A is the effective area (12 mm2). The HTM films were 
annealed prior to the Au deposition since Au-HTM contact resistance reduces significantly with heating.  
 
Fig. S10. Hole mobility measurements of DFH in hole-only devices. The device configuration is 
ITO/MoO3/HTM/Au, where the HTM layer was either stored at room temperature after spin-coating or annealed at 
135 ℃.  
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Table S5. Hole conductivities and mobilities for DFH and selected HTMs.  
Condition µh (×10-3 cm2·V-1·s-1)C Conductivity (×10-3 mS·cm-1)B 
DFH (as-prepared) 0.9 3.5 
DFH (annealed @ 135 °C)  1.1 7.4 
KR321 0.26 - 
PTAA (doped with Li+) 0.43 - 
spiro-OMeTAD (doped with Li+) 0.69   117 
(A) Hole mobility was measured using the space-charge-limited-current (SCLC) method on hole-only devices 
(ITO/MoO3/HTM/Au). (B) Conductivity was calculated using σ = d·R-1·A-1, where R is the film resistance measured 
on ITO/HTM/Au, A is the effective area (12 mm2) and, d is the thickness of the HTM thin film. For each condition, 
two different d each in four devices were measured in order to subtract the contact resistances which are 
independance to d. (C) Thickness ~ 40 nm. 
 
Fluorescence Lifetime Measurement 
Experiments were carried out using a customized laser system provided by the LASIR facility at the University of 
British Columbia. Pulsed (10 Hz) 532 nm laser was used to excite (prompt) perovskite samples on various substrates 
and the emitted photons were probed by a Hamamatsu dynamic range streak camera (C7700). The device 
architecture is glass/HTM/perovskite/PMMA. 
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Solar Cell Fabrication and Characterization 
 Methylammonium iodide (MAI) and formamidinium iodide (FAI) were synthesized by the reaction of 
methylamine and formamidine with hydroiodic acid, respectively, as previously reported. ITO coated glass 
substrates were obtained from Xin Yan Technology Ltd (2.5 cm × 2.5 cm, Rs = 20 Ω/□). PbI2 (99.9985%), C60 
(99.5%), bathocuproine (BCP) (98%) and silver (Ag) (99.99%) were purchased from Fisher Scientific, Nano-C, 
Fisher Scientific, and Kurt J. Lesker, respectively. All materials were used without any further purification. 
        ITO-coated glass substrates were cleaned by 20 min sonication in each of detergent (extran 300, 2%), deionized 
water, acetone and isopropanol. After drying in a stream of nitrogen, a 15 min ultraviolet-ozone treatment was 
carried out immediately prior to the deposition of the hole transport layer (HTL). DFH was dissolved in 
chlorobenzene (10, 15, or 20 mg/mL) and deposited on the ITO substrate by spin-coating (6000 rpm for 30 s). The 
films were then annealed at various temperatures for 20 min on a hot-plate in ambient air. PTAA HTLs were 
deposited by spin coating from a 1.5 mg/mL toluene solution, as reported previously45. An MAPbI3 perovskite 
precursor solution (1.2 M) was prepared by mixing MAI and PbI2 (1:1 molar ratio) in anhydrous mixed solvent (4:1 
DMF/DMSO). A solution of FAI and PbCl2 was also prepared at the same concentration using the same solvent 
mixture. The two solutions were combined in a 9:1 ratio (MA:FA, v/v) to produce the final perovskite precursor 
solution. Perovskite layers were deposited by dropping the precursor solution onto the substrate, and after spinning 
at 4000 rpm for 7 s, dropping anhydrous chlorobenzene (120 µL) onto the center of the substrate. The substrate was 
spun for a further 30 s at 4000 rpm without pause. The transparent yellow films obtained after spin coating were 
heated at 35 °C for 20 min, after which they became black. The films were further annealed at 85 °C for 10 min. To 
complete the device stack, C60 (40 nm), BCP (8 nm) and Ag (100 nm) were sequentially deposited by thermal 
evaporation at a base pressure of 1 × 10–6 mbar. 
        Current-voltage curves of perovskite solar cells and hole-only devices were recorded with a Keithley 2400 
source-measure unit. Devices were measured in the glovebox (H2O < 1 ppm, O2 < 0.1 ppm) using a 450 W Class 
AAA solar simulator equipped with a AM1.5G filter (Sol3A, Oriel Instruments). Before measuring, a standard 
silicon reference cell (91150V, Oriel Instruments) was used to set the light intensity to 1 sun. During the 
measurement, the cell was covered by a non-reflective metal mask with an aperture of 0.0708 cm2. Incident photon 
to current (IPCE) measurements were performed in air using a QE-PV-SI system (Oriel Instruments) consisting of 
a 300 W Xe arc lamp, monochromator, chopper, lock-in amplifier and certified silicon reference cell, operating at 
a 30 Hz beam-chopping frequency.  Scanning Electron Microscopy (SEM) images were acquired on either a FEI 
Helios NanoLab 650 dual beam SEM at 5 kV and 50 pA or a Hitachi SU8010 microscope at 3 kV and 10 pA using 
a through-lens detector in secondary electron mode. 
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Fig. S11. Device performance statistics for PSCs with different hole transport layers obtained by reverse J−V scans. 
Sample sizes are 17, 6, 18, 8 and 7 for devices with as prepared DFH, 120 °C annealed DFH, 135 °C annealed DFH, 
150 °C annealed DFH  and 100 °C annealed PTAA as hole transport layers. PTAA was annealed at 100 °C according 
to device optimization in literature.7 
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Fig. S12. J-V curves of PSCs with varying thickness of DFH layers, illustrating the effect of DFH thickness on 
PSC performance. 
 
 
 
Fig. S13. IPCE spectrum of a PSC with a DFH HTL annealed at 135 °C. 
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Fig. S14. SEM images of perovskite layers grown on a thin film of 135 °C annealed DFH. The scale bar is 2 µm. 
 
 
Fig. S15. SEM images of perovskite layers grown on thin films of (A) 100 °C annealed PTAA (B) as-prepared 
and unheated DFH and (C) 120 °C annealed DFH and (D) 135 °C annealed DFH. The scale bars are 1 µm. 
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Fig. S16. GIXD patterns of perovskite layers grown on DFH thin films (A) as-prepared (B) annealed at 120 ℃, and 
(C) annealed at 135 °C. Radially integrated intensity plots of the GIXRD patterns along the q = 1.0106 Å−1 ring 
assigned to the (110) plane showing the differences between the perovskite layers grown on (D) as-prepared and 
135 °C annealed DFH,  and (E) 120 °C and 135 °C annealed DFH. 
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Fig. S17. Stabilized (A) PCE and (B) current density of PSCs with 135°C annealed hole transport layers measured 
at the maximum power points every 0.25 seconds, the potentials for DFH, PTAA and Spiro-OMeTAD are 0.93 V, 
0.92 V and 0.89 V, respectively. 
 
 
Fig.S18. Reverse J−V scans of champion PSCs with PTAA and Spiro-OMeTAD hole transport layers. 
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Fig. S19. Operational stability in terms of the decay of (A) PCE and (B) normalized current density of perovskite 
solar cells under 1-sun condition loaded with a constant voltage of their initial maximum power points (0.93 V, 
0.92 V and 0.89 V for DFH, PTAA and Spiro-OMeTAD, respectively).  
 
 
Fig. S20. Storage stability of a PSC device with 135 °C annealed DFH, under an inert atmosphere. Dashed lines 
indicate data collected on day 1. Initial PCE = 19.3%, Voc = 1.09 V; FF = 0.79.  
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Fig. NMR1. 1H NMR spectrum of P1 in CDCl3. 
 
 
Fig. NMR2.13C{1H} NMR spectrum of P1 in CDCl3 
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Fig. NMR3.1H NMR spectrum of P2 in CD2Cl2. 
 
Fig. NMR4. 13C{1H} NMR spectrum of P2 in CD2Cl2. 
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Fig. NMR5.1H NMR spectrum of  DFH in CD2Cl2. 
 
 
Fig. NMR6. 13C{1H} NMR spectrum of DFH in CD2Cl2. 
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